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Abstract SNARE proteins appear to be involved in homotypic
and heterotypic membrane fusion events [Soºllner et al. (1993)
Nature 362, 318^324]. The crystal structure of the synaptic
SNARE complex exhibits a parallel four-helical bundle fold with
two helices contributed by SNAP-25, a target SNARE (t-
SNARE), and the other two by a different t-SNARE, syntaxin,
and a donor vesicle SNARE (v-SNARE), synaptobrevin. The
carboxy-terminal boundary of the complex, predicted to occur at
the closest proximity between the apposed membranes, displays a
high density of positively charged residues. This feature
combined with the enrichment of negatively charged phospho-
lipids in the cytosolic exposed leaflet of the membrane bilayer
suggest that electrostatic attraction between oppositely charged
interfaces may be sufficient to induce dynamic and discrete
micellar discontinuities of the apposed membranes with the
transient breakdown at the junction and subsequent reformation.
Thus, the positively charged end of the SNARE complex in
concert with Ca2+ may be sufficient to generate a transient
‘fusion pore’.
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1. Introduction
Neurons communicate with each other by means of neuro-
transmitters. Membrane fusion is essential for synaptic trans-
mission, a process by which neurotransmitters are released
from excited nerve terminals [1]. Recently, the crystal struc-
ture of a SNARE complex, a key entity involved in the spe-
ci¢c recognition and ultimately fusion of synaptic vesicles with
the neuronal plasma membrane, was described [2]. The com-
plex is formed by the speci¢c interaction between segments of
three proteins: synaptobrevin-II, a vesicle associated protein,
and syntaxin-1A and SNAP-25B, two distinct proteins an-
chored to the plasma membrane. The clostridial botulinum
and tetanus neurotoxins proteolytically cleave these three pro-
teins consequently preventing vesicle fusion and thereby ab-
rogating transmitter release [3]. The SNARE complex folds
into a parallel four-helical bundle with a left handed super-
helical twist [2,4] : two helices are contributed by a molecule of
the t-SNARE SNAP-25, the other two by synaptobrevin and
syntaxin. Such a structure may bring into juxtaposition the
surfaces of the apposed vesicle and plasma membrane bilayers
to facilitate fusion. How this may happen is not known, how-
ever, Ca2 is required and other proteins may catalyze and
confer additional speci¢city to the process [5,6]. Here, we
focus on highlighting a number of features of this fascinating
structure that may provide clues to understand how it medi-
ates bilayer fusion.
2. Electrostatic attractions between oppositely charged
interfaces and fusion
A key ¢nding emerged from electrostatic calculations that
showed a conspicuous enrichment of positively charged resi-
dues at the carboxy-terminal end of the complex [2]. This
boundary is assigned to be at the membrane-anchored end
of the complex, and therefore, at the minimum distance be-
tween the apposed membranes. It is known that negatively
charged lipids are preferentially distributed in the inner lea£et
of the bilayer plasma membrane [7]. It is also well recognized
that Ca2 and highly basic polypeptides interact with nega-
tively charged lipids to induce a lamellar to hexagonal phase
transition with the consequent generation of local micelliza-
tion foci and, if propagated, the breakdown of the bilayer
structure [7^10]. And it is well established that acidic lipids
are required for the insertion into and translocation across
bilayers of a number of channel-forming proteins, conspicu-
ous among them diphtheria [11] and tetanus [12] toxins, col-
icin [13] and Bcl-2 family proteins [14]. It appears therefore,
that electrostatic interaction energy between oppositely
charged interfaces might drive discrete micellizations of the
apposed membranes with the transient breakdown of the hy-
drophobic membrane barrier and the consequent release of
the transmitter. Thus, the positively charged end of the
SNARE complex in concert with Ca2 may be su⁄cient to
generate a transient ‘fusion pore’. This hypothesis could be
tested using puri¢ed SNARE proteins reconstituted into sep-
arate bilayer vesicles of de¢ned phospholipid composition
[15]. This model system has demonstrated that SNARE pro-
teins are necessary and su⁄cient for fusion in the absence of
other protein components, albeit at a low rate and e⁄ciency
[15].
3. Acidic phospholipids and Ca2+ ions as mediators of fusion
Another striking feature of the SNARE complex is the
occurrence of four shallow grooves at the surface of the hel-
ical bundle [2]. Such grooves, particularly those present at the
basic charged end of the complex, may provide speci¢c bind-
ing pockets for acidic lipids. There is structural evidence for
such lipid binding pockets: the crystal structure of a type IIL
phosphatidylinositol phosphate kinase reveals an extensive £at
basic surface well suited for the interfacial binding of phos-
phoinositides and catalysis [16]. The crystal structure of the
annexin XII hexamer displays a prominent concave disc with
numerous surface exposed Ca2 ions on the perimeter [17].
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Presumably, these Ca2 ions mediate annexin binding to
phosphatidylserine, its insertion into membranes and lead to
channel formation and membrane fusion [18].
Speci¢c protein-lipid interactions are considered key events
in viral fusion mechanisms and the analogy to the SNARE
coil-coiled complex has been drawn [15]. The recent identi¢-
cation of a mitochondrial v-SNARE [19] combined with the
abundance of acidic lipids in mitochondrial membranes [7]
raise the intriguing possibility that SNAREs could be at the
fusion interface between mitochondria and other organelles,
as it appears to be between yeast vacuoles [20,21]. It would be
interesting to examine in molecular detail if the electrostatic
attraction between oppositely charged interfaces is su⁄cient
to induce dynamic and discrete micellar discontinuities of the
apposed membranes with the transient breakdown at the junc-
tion and subsequent reformation. Attention to Ca2 as a me-
diator of protein-lipid interactions at membrane fusion inter-
faces is worth revisiting in view of the new structural
information.
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